Nuclear envelope Nesprin KASH-domain iFRAP SUN-domain proteins form a novel and conserved family of inner nuclear membrane (INM) proteins, which establish physical connections between the nucleoplasm and the cytoskeleton. In the current study, we provide evidence that within the nuclear envelope (NE) Sun1 proteins form highly immobile oligomeric complexes in interphase cells. By performing inverse fluorescence recovery after photobleaching analysis, we demonstrate in vivo that both perinuclear and nucleoplasmic Sun1 segments are essential for maintenance of Sun1 immobility at the NE. Our data in particular underline the self-association properties of the C-terminal coiled-coil Sun1 segment, the ability of which to form dimers and tetramers is demonstrated. Furthermore, the Sun1 tertiary structure involves interchain disulfide bonds that might contribute to higher homooligomer formation, although the overall dynamics of the Sun1 C-terminus remains unaffected when the cysteins involved are mutated. While a major Sun1 pool colocalizes with nuclear pore complex proteins, a large fraction of the Sun1 protein assemblies colocalize with immunoreactive foci of Sun2, another SUNdomain paralogue at the NE. We demonstrate that the Sun1 coiled-coil domain permits these heterophilic associations with Sun2. Sun1 therefore provides a non-dynamic platform for the formation of different macromolecular assemblies at the INM. Our data support a model in which SUN-protein-containing multivariate complexes may provide versatile outer nuclear membrane attachment sites for cytoskeletal filaments.
Introduction
The nuclear envelope (NE) is a hallmark of eukaryotic cells, functioning as a selective structural barrier separating the cytoplasm from the nucleus. It is composed of a pair of biochemically and functionally distinct membranes, the inner and outer nuclear membranes (INM and ONM, respectively) that are joined together by large macromolecular assemblies the nuclear pore complexes (NPCs) [1] . NPCs form aqueous gated channels spanning the NE regulating the transport of macromolecules between the nucleus and cytoplasm [2, 3] . The ONM is continuous with the rough endoplasmic reticulum (ER) and provides attachment sites for cytoplasmic structural elements [4] . In contrast, the INM is composed by a distinct set of membrane proteins, which perform close associations with the underlying nuclear lamina and chromatin [5] . Encompassed by the two NE membranes lies an evenly spaced lumen, the perinuclear space (PNS), which is usually ∼20-100 nm in width and continuous with the ER [6] .
KASH-and SUN-domain proteins are emerging evolutionarily conserved families of NE-associated molecules [7] [8] [9] . From yeast to mammals a conserved mechanism has been established, by which ONM positioned KASH-domain proteins interact with INM positioned SUN-family members in the PNS. These physical "bridges" span both nuclear membranes, thereby providing a structural and possible function-integrating connection between cytoplasmic and nucleoplasmic compartments [7, [10] [11] [12] . In C. elegans and higher eukaryotes, the KASH-domain proteins require SUN-domain proteins for their proper NE localization [10] [11] [12] [13] [14] [15] . The majority of KASH-domain proteins appear so far to function as exclusive ONM adaptors mediating interactions with all major cytoskeletal filaments, the centrosome and the microtubule motor protein apparatus [16] .
To date, Sad1p in S. pombe, Mps3 in S. cerevisiae, Dd-Sun1 in D. discoideum, UNC-84 and matefin in C. elegans, predicted proteins Q9V996 and Q9VKG2 in Drosophila, and human Sun1, Sun2, Sun3, SPAG4 and SPAG4L proteins have been characterized as SUN-domain proteins [8, [17] [18] [19] [20] [21] . Proteomic approaches, however, indicate their presence in most eukaryotes [18] . Hallmark of the family is the conserved C-terminal SUN-domain (Sad1 and UNC-84 homology domain) [20] . UNC-84 is independently required for both nuclear migration and nuclear anchorage during C. elegans development and might also play a role in lipid metabolism [8] . Sad1p localizes to the spindle pole body and the NE when ectopically overexpressed [22] . Sad1p is essential for viability and required for proper mitotic spindle formation and function [23] . In meiotic cells Rap1p bound telomeres are tethered to Bqt1/Bqt2 complexes, which themselves are connected through Sad1 to the NE, underscoring the essential function of SUNdomain proteins in telomere attachment during meiosis [22] . Interestingly, mouse Sun1 ablation also prevents NE telomere attachment during meiosis and leads to defective gametogenesis [23] . Although controversial results exist, a recent report showed that rat Sun2 is also involved in tethering mammalian meiotic telomeres to the NE [24] . Sun1 is involved in nuclear reassembly after mitosis, regulating chromosome decondensation [25] . Most recently, an association between Sun1, but not Sun2, and the NPCs has been proposed [26] .
Besides the SUN-domain, most SUN-domain proteins have at least one predicted transmembrane domain [26] and in addition at least one coiled-coil domain, which in human and mouse Sun1 is proposed to mediate homo and hetero-dimerization with Sun2 [10, 11, 27] . To date all of them have been identified as exclusive INM components, except SPAG4, which displays an ER-resident localization upon ectopic expression [28] . The N-termini of SUN-proteins all face the nucleoplasm, whereas their C-termini reside in the PNS. Interestingly, the Nand C-termini of mammalian Sun1 can independently localize to the NE [11, 26] . However, expression of tagged recombinant Sun1 protein and fragments thereof revealed that Sun1 retention at the NE and association with components of the NPCs require both the nucleoplasmic and luminal domains to a yet unidentified extent [26, 28] . The N-termini of UNC-84, SUN-1/Matefin in C. elegans and the mammalian Sun1/2 proteins have been shown to associate with the nuclear lamina [20, 21, 29, 30] . However, only UNC-84 requires lamins for its NE localization in nematodes [20] .
In this study, we explore in more detail both in vivo and in vitro the Sun1 oligomerization properties and identify the implicated domains. We demonstrate that full-length Sun1 is among the most immobile INM proteins described to date and assign this biological feature to its oligomerization capacity. Truncation of either the nucleoplasmic or luminal Sun1 segments drastically affects its NE dynamics. Our data underline in particular the self-association properties of the Cterminal coiled-coil Sun1 segment, which allows Sun1 tetramerization and permits also heterophilic associations with Sun2. Finally, we provide evidence that SUN-domain proteins assemble into versatile complexes and discuss the biological significance of these macromolecular immobile complexes.
Materials and methods

Cloning strategies
Mouse Sun1 DNA fragments were amplified from IMAGE clone AH48156 by PCR and cloned into pGEMTeasy (Promega) vectors before cloning into GFP, GST or yeast two-hybrid vectors. All GFPfusion proteins generated carry GFP at their N-terminus. GFP-TM-C (aa 358-913) was cloned into the EcoRI/SalI site of EGFP-C2. GFP-Sun1-FL (aa 1-913), GFP-2TM-N (aa 1-412), GFP-TM-SD1, 2 (aa 358-737), GFP-TM-ΔCC-SUN (aa 358-491, 633-913), GFP-SD1, 2 (aa 432-737) and GFP-SD2 (aa 432-491, 633-737) were cloned into the EcoRI/BamHI site of EGFP-C2. GST-SD1, 2 (aa 432-737) and GST-SD1 (aa 432-632) were cloned into the EcoRI/XhoI site of pGEX4T-1.
Sun1-V5 containing full-length human Sun1 and Sun2-V5-His containing full-length human Sun2 were cloned into pTracer-Vector. hSun1-SD1 (aa 404-493) was cloned into EcoRI/BamHI-digested pGBKT7 and pGADT7. hSun2-CC (aa 400-505) was cloned into the pGADT7 EcoRI/BamHI sites. hSun1 TM-C (aa 240-812) and hSun1 TM-SD1, 2 (aa 240-632) were cloned into the pHA (Roche) or EGFP-C2 HindIII/EcoRI sites.
Inverse fluorescence recovery after photobleaching experiments (iFRAP)
For live-cell imaging, HeLa cells were transiently transfected with GFP-fusion constructs and examined 48 h after transfection. iFRAPs were performed and normalized as described elsewhere [31] . The fluorescence equilibration between the unbleached and the bleached regions of interest (ROI) in the nucleus was then monitored over a period of up to 10 h. To calculate the loss of fluorescence attributed to the imaging process alone, the sum of pixel intensities was also calculated for the entire cell and used to normalize the fluorescence intensity for each ROI. At least four independent experiments were performed for each construct. We also calculated the relative fluorescence intensity within the bleached areas of the same cells and analyzed these cells by FRAP assays (Fig. S1 ).
Antibodies and immunofluorescence microscopy
Western blotting and immunofluorescence (IF) studies were performed as described [32, 33] . The following antibodies were used: rabbit polyclonal anti-GST antibody [19] , GFP-specific mAb K3-184-2 [34] , mouse monoclonal anti-LAP2β (1:250 IF) [35] , rat anti-HA antibody (1:250 IF; 1:1000 Western; Sigma), mouse monoclonal anti-V5 antibody (1:5000 Western, 1:500 IF; Invitrogen), mouse monoclonal anti-nuclear pore complex mAb414 (1:5000 IF, Abcam), New rabbit polyclonal antibodies to human Sun1 (Sun1A = HPRK1500010 and Sun1B = HPRK1500015; both 1:400 IF) and Sun2 (HPA001209; 1:500 IF), respectively, were produced within a collaborative project by the Human Proteome Resource [36] . Anti-Sun1 sera 281 were used as described recently [11] . The secondary antibodies used were conjugated with Cy3 (Sigma), FITC (Sigma) and Alexa 568 (Invitrogen). Samples were analyzed by confocal laser-scanning microscopy using either a TCS-SP1 (Leica) or a LSM510-Meta (Zeiss).
Purification of GST fusion proteins and in vitro binding assays
Purification of GST fusion proteins and GST pull-down experiments were performed as described [37] . The GST free SD1, 2 polypeptides were generated by thrombin digestion of GST-SD1, 2.
His-tag pull-down assays
GFP-hSun1 and Sun2-V5-His, or GFP and Sun2-V5-His were transiently cotransfected into COS7 cells. The transfected cells were lysed using lysate buffer (50 mM NaH 2 PO 4 , 150 mM NaCl, 1% NP-40, 0.5% Na-desoxycholate, pH 8.0). Same amount of proteins from each cotransfection were coupled to Ni-NTA agarose beads (Qiagen, Hilden) by incubation for 4 h at 4°C in 1 ml of lysate buffer. The Ni-NTA agarose beads were washed 5 times with PBS, and 3 times with lysate buffer. The beads were precipitated by centrifugation at 2000 rpm, and proteins bound to the beads were eluted with SDS-sample buffer, resolved by 12% SDS-PAGE and subjected to western blotting analysis.
Native polyacrylamide gel-electrophoresis (Native-PAGE)
Native gels were prepared similar to SDS-polyacrylamide gels, except that SDS omitted from the gels and buffers employed. Each sample was mixed with 2× native sample buffer (pH 6.8) containing 20% glycerol and 0.01% bromophenol blue in 125 mM Tris-HCl (pH 6.8) and applied onto the native polyacrylamide gel without heating. Native molecular mass markers (Amersham Biosciences) and BSA were used as standards.
Chemical cross-linking experiments
Cross-linking experiments with the bacterially expressed mouse Sun1 SD1, 2 polypeptides were performed in a buffer containing 20 mM Hepes, pH 8.0, 150 mM NaCl, 5 mM EDTA, and incubated with 0.001%-0.03% glutaraldehyde for 30 min at room temperature. SDSsample buffer was added to the reactions, and the samples were resolved by 12% SDS-PAGE and stained by Coomassie Blue.
Yeast two-hybrid assays
The protocols for performing the Yeast two-hybrid analysis are described in detail elsewhere (Yeast Protocols Handbook PT3024-1; Clontech).
Site-directed mutagenesis
Construction of the point mutant (C526A) in human Sun1 TMC-HA and TMSD1, 2-HA was done with the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) as described in the manual using the following primers: tmcDelta526sense: 5′-GCGACACGTGAA-GACCGGCGCCGAGACAGTGGATGCCGTAC-3′ and tmcDelta526anti-sense: 5′-GTACGGCATCCACTGTCTCGGCGCCGGTCTTCACGTGTCGC-3′. The mutations were verified by DNA sequencing.
Immunohistochemistry
Formalin-fixed and paraffin-embedded tissue microarray slides from human tissue were, after deparaffinization, subjected to antigen retrieval by heat induction in Tris-EDTA, pH 9 at 125°C for 4 min in a pressure boiler. The sections were incubated with the new antisera directed against human Sun-proteins (Sun1A, 1:250; Sun1B, 1:250 and Sun2, 1:150), washed and incubated with a peroxidase-coupled antirabbit antibody (Dako). Immunoreactivity as a brownish-black colour was assayed after final incubation with DAB chromagen. All tissue sections were counterstained with hematoxylin. These antibodies are now available at http://www.atlasantibodies.com/home.
Results
Sun1 is a highly immobile NE-associated protein, requiring both N-and C-termini for sustained immobility
To investigate more precisely the Sun1 kinetic properties at the NE, we performed inverse fluorescence recovery after photobleaching experiments (iFRAPs) in interphase cells using GFP-tagged Sun1 full-length (GFP-Sun1-FL) and various N-and C-terminal polypeptides containing different functional domains, respectively (Fig. 1A) .
iFRAPs are more suitable to analyze binding interactions than classical fluorescence recovery after photobleaching assays (FRAP) because the free pool of the tagged protein is bleached away, allowing precise measurement of the fluorescence changes reflecting the pool of NE-tethered molecules only. The NE topologies of the Sun1 GFP-fusions were verified by implementing membraneselective permeabilization assays ( [38] ; Fig. 1B-F ). All used Sun1 GFP-fusion proteins displayed an expected INM localization, although varying in prominence. For the iFRAP experiments the whole cell except ∼ 1/3 of the NE region was bleached. GFP-Sun1-FL fluorescence in the unbleached area dropped very slowly and had not completely equilibrated within the bleached area after 10 h ( Fig. 2A ), indicating that a large proportion of Sun1 at the nuclear membrane is highly immobile within the examined time frame. GFP-N-2TM and GFP-TM-C also display enriched localization at the NE. In many cases we also observed, however, an accumulation of the fusion proteins in the ER or perinuclear aggregates as shown in the pre-bleach images of Fig. 2B and C (arrows). GFP-N-2TM equilibrated after about 35 min and GFP-TM-C after about 29 min ( Fig. 2B and C) . Thus, both constructs display similar moderately dynamic binding and a significantly reduced immobilization at the NE, when compared to GFP-Sun1-FL. These dynamics data could also be corroborated by performing an alternative bleaching tool, namely fluorescence recovery after photobleaching (FRAP) assays (Fig. S1 ). Thus, these results suggest that both Sun1 N-and C-termini are required to keep Sun1 immobile and also underscore the initial finding that these domains independently from each other maintain Sun1's stable localization at the NE [11] .
Although the Sun1 N-terminus interacts with lamin A, the presence of lamin A/C is not required for Sun1 NE localization [11, 28, 29] . Therefore, Sun1 was proposed to bind to additional nuclear factors. In fact chromatin immunoprecipitation assays (ChIP) indicate that Sun1 is able to interact with chromatin (data not shown), which has been also reported by Chi et al. [25] .
The SD1-domain is a crucial determinant for reduced Sun1 dynamics at the INM
GFP-TM-SD1, 2 and GFP-TM-ΔCC-SUN appear equally distributed between the NE and the peripheral ER, as indicated in the pre-bleach images ( Fig. 2D and E). GFP-TM-SD1, 2 equilibrated after ∼ 26 min (Fig.  2D plot) , very similar to GFP-TM-C and GFP-N-2TM. By contrast, for GFP-TM-ΔCC-SUN a major fraction of the fluorescence signal dropped rapidly within the first 2 min, equilibrating within ∼ 8-10 min (Fig.  2E ), thus displaying more rapid kinetics than GFP-TM-C and GFP-TM-SD1, 2 indicating transient NE binding. The latter construct containing the SD1-domain (the predicted coiled-coil region; aa 432-632) and lacking the SUN-domain appears even more stable than GFP-TM-ΔCC-SUN, which contains the SUN-domain but lacks the SD1-domain. These in vivo data provide evidence that the SUN-domain confers a kinetically more dynamic attachment to the NE compared to the Nterminus and the lumenal SD1-domain.
We next examined the biochemical fractionation properties of GFP-TM-C and GFP-TM-ΔCC-SUN-proteins. Nuclear fractions of COS7 cells overexpressing equal amounts of these GFP-fusions were extracted with buffers containing urea, non-ionic detergents, or a combination of the latter with high-salt concentrations. The distribution of GFP-fusion proteins in soluble (S) and insoluble (I) fractions was analyzed by immunoblot analysis (Fig. 3A) . The well-characterized INM protein LAP2β served as a control. As shown in Fig. 3A , GFP-TM-C was resistant to Triton X-100 extraction and slightly soluble in Triton X-100/high-salt buffer. On the other hand, GFP-TM-ΔCC-SUN was partially soluble upon Triton X-100 treatment and was efficiently extracted by Triton X-100/high-salt-containing buffer. Moreover, none of the two GFP-fusion proteins was extractable with 7 M urea, indicating therefore the anticipated association within nuclear membranes. Collectively, our data unravel the Sun1 SD1 segment as an important stabilizing and potential interaction domain, which has a major impact on Sun1 dynamics.
Mammalian Sun1 oligomerizes via its SD1-domain
To further investigate biochemically the Sun1 C-terminal domain properties in vitro, we recombinantly purified the SD1, 2-segments and performed Native-PAGE and cross-linking assays. SDS-PAGE analysis of the purified SD1, 2 fragments demonstrated that under reduced conditions the protein migrates as a monomer (32 kDa) (Fig.  3B, left panel) . In contrast, Native-PAGE analysis (Fig. 3B, right panel) demonstrated that SD1, 2 proteins migrate preferentially as dimers (64 kDa) and tetramers (128 kDa). The BSA control migrates as a monomer under the same conditions. The purified Sun1 SD1, 2 proteins were subjected also to cross-linking using various concentrations of glutaraldehyde and analyzed by SDS-PAGE. Without glutaraldehyde treatment, only the monomer band was observed, whereas, in the cross-linked SD1, 2 protein samples, additional dimer and tetramer bands became evident. Furthermore, the relative amount of the monomer decreased and shifted towards higher order structures, which did not enter the gel, by increasing the amount of the cross-linking reagent (Fig. 3C) . In contrast, no higher molecular mass polypeptides were detected in the glutaraldehyde treated BSA samples (data not shown). In summary, our data indicate that the SD1, 2 domains can form dimers and tetramers in vitro.
To narrow down the Sun1 self-interacting sequences, we performed GST pull-down assays. For this we fused GST to the SD1-domain (GST-SD1) to pull-down ectopically expressed GFP-SD1,2 fusion proteins from COS7 cell lysates (Fig. 3D) . The GFP-SD1,2 fusions lack the transmembrane domains and localize diffusely in the cytoplasm (data not shown). As anticipated, GST-SD1 was able to precipitate GFP-SD1,2 from COS7 cell lysates. In contrast, no interaction with GFP-SD1,2 was observed for GST alone (Fig. 3D) . To exclude the binding between SD1 and SD2, we constructed GFP-SD2. As shown in Fig. 3D , we could not detect an interaction between GST-SD1 and GFP-SD2.
To confirm the proposed oligomerization potential of both the mouse and human Sun1 coiled-coil domains also in vivo we performed a yeast two-hybrid system analysis. For that, the respective coiled-coil domains were fused either with GAL4 DNAbinding domains in the pGBKT7 vectors (BD-mSD1, 2, residues 432-737; BD-hSD1, residues 404-493) or the GAL4 transcription activation domains in the pGADT7 vectors (AD-mSD1, 2, residues 432-737; AD-hSD1, residues 404-493), respectively. Fig. 3E shows that cells cotransformed with pGADT7-mSD1, 2 and pGBKT7-mSD1, 2, or pGADT7-hSD1 and pGBKT7-hSD1 grew on the selection plates and were positive in the β-galactosidase test. No interaction was detected in negative controls. Conclusively, our studies clearly indicate that mammalian Sun1 forms homo-oligomers through its SD1-domains.
Sun1 oligomers contain interchain disulfide bonds
To gain further insights into Sun1 oligomerization, we next focused our studies on the full-length Sun1 protein. We transfected C-terminal V5-tagged full-length human Sun1 into COS7 cells and analyzed the cell lysates by anti-V5 western blotting. Sun1 immunoblotting analysis indicated the presence of SDS-resistant dimers under non-reduced conditions. Without heating and in the absence of dithiothreitol (DTT) in the COS7 lysates, monomer, dimer and tetramer bands were detected even under high SDS concentrations (0.5%). In the presence of 100 mM DTT, however, dimer and higher molecular mass signals were abolished (Fig. 4A) . Heating of the samples at 70°C or 95°C resulted in a decrease of the monomeric signal intensity, through an irreversible Sun1-V5 aggregation (arrow in Fig. 4A ), a known effect for some transmembrane proteins [39] . Similar results were also obtained for endogenous Sun1 proteins (Fig. S2A, asterisk) .
The presented data strongly suggested the existence of disulfide bridges between Sun1 molecules. Therefore, we next examined the primary structures of mouse and human Sun1 for cysteines. As depicted in Fig. 4B and C, four conserved cysteine residues are present in both human and mouse Sun1 C-termini. ) in the SD2/ SUN-domains, and TMSD1, 2-HA (residues 240-632), which lacks the SUN-domain and contains only the SD2 domain Cys 526 . We also generated TMC C/A-HA in which Cys 526 was replaced by an alanine and TMSD1, 2 C/A-HA, which contains the same C526A mutation and lacks the SUN-domain (Fig. 4C) . The constructs were transiently transfected in COS7 cells and lysed with RIPA buffer containing 0.1% SDS and either 100 mM iodoacetamide (IA) or 20 mM NEM to prevent artificial disulfide bond formation. The lysates were submitted to nonreduced or reduced conditions, respectively. Equal amount of protein from each sample was loaded on a 12% gel, analyzed by SDS-PAGE and concomitant anti-HA western blotting. In the absence of DTT, bands corresponding to Sun1-dimers were detectable in the absence or presence of 0.5% SDS in TMC-HA or TMSD1, 2-HA lysates. However, in the presence of DTT, dimer bands were completely absent (Fig. 4D ). Replacing Cys 526 by an alanine completely abolished the dimer formation of TMC C/A-HA or TMSD1, 2 C/A-HA (Fig. 4D) , respectively. SUN-domain cysteines are therefore not involved in this process, whereas the SD2 domain resident Cys 526 might contribute to the formation of Sun1 oligomers.
To address the biological relevance of the Sun1 interchain disulfide bridge in Sun1 NE dynamics, we transiently transfected GFP-TMC and GFP-TMC C/A in HeLa cells and performed iFRAP analysis on the transfected cells. Four individual cells for each construct were followed. However, no significant differences were observed between these two constructs (Fig. 5) , suggesting that the disulfide bond Fig. 3 . The Sun1 C-terminal coiled-coil domain oligomerizes and stabilizes Sun1 at the NE. (A) Solubilization properties of GFP-TM-C and GFP-TM-ΔCC-SUN under various extraction conditions. Total (T), cytoplasmic (C) and nuclear (N) fractions were produced from GFP-TM-C or GFP-TM-ΔCC-SUN transfected COS7 cells. Nuclear fractions were extracted in buffers containing Triton X-100, Triton X-100 plus salt and urea, as indicated. Soluble (S) and insoluble (I) fractions were analyzed by western blotting using anti-GFP antibodies. The same lysates were analyzed for LAP2β. (B) Purified mouse Sun1 SD1, 2 fractions were supplemented with SDS-sample buffer containing β-mercaptoethanol and subjected to SDS-PAGE using a 12% SDS-polyacrylamide gel (left panel). The same purified SD1, 2 fractions and BSA (Bovine serum albumin) were supplemented with blue native sample buffer lacking SDS and β-mercaptoethanol. After electrophoresis on a 10% native polyacrylamide gel, the gel was visualized by Coomassie staining. Mono: monomer; Di: dimer; Tetra: tetramer. (C) Equal amounts of the purified mouse Sun1 SD1, 2 were cross-linked with different glutaraldehyde concentrations. Reactions were terminated by addition of SDSsample buffer. The samples were loaded on a 12% SDS gel and stained by Coomassie Blue. (D) COS7 cells were transiently transfected with GFP-SD1, 2 and GFP-SD2, respectively. The cell lysates were analyzed by immunoblotting using anti-GFP antibodies (Input). COS7 cell lysates expressing the GFP-SD1, 2 or GFP-SD2 were incubated with beads coupled to GST-SD1 or GST. Specifically bound proteins were subjected to SDS-PAGE followed by anti-GST western blotting. The same membrane was later stripped and submitted to anti-GFP immunoblotting. (E) Yeast two-hybrid assays demonstrate that the coiled-coils of both mouse and human Sun1 interact with each other. Empty BD and AD plasmids were used as negative controls. Y190 yeast cells were cotransformed with AD/BD-mSD1, 2, BD/AD-mSD1, 2, AD-mSD1, 2/BD-mSD1, 2, or AD/BD-hSD1, BD/AD-hSD1, AD-hSD1/BD-hSD1. The interaction was monitored by growth on SD-Trp-Leu-His (60 mM 3AT) plates. X-Gal assays were also performed to confirm the interaction. AD: GAL4 activation domain; BD: GAL4 DNA-binding domain.
between the Sun1 lumenal segments does not play a major role in the Sun1 C-terminal domain NE turnover dynamics, although from our interaction data we are prompted to assign a stabilizing function to interchain disulfide bonding for the full-length Sun1 protein.
Sun1 provides a stable platform for multiple macromolecular assemblies
Our data so far show that Sun1 molecules oligomerize and form stable complexes with itself at the NE. In order to verify this, we next performed an indirect immunofluorescence analysis of endogenous Sun1 proteins in HeLa cells. Confocal microscopy clearly indicated the organization of Sun1 into clustered assemblies at the NE (Fig. 6A′) . We confirmed this further by employing two new Sun1 antibodies (Sun1A and Sun1B, characterized in Fig. S2 ). As indicated these new antisera also recognized a clustered Sun1 pattern at the NE surface, highly reminiscent of NPC staining (Fig. 6B, B′ ; similar results obtained in other cell lines, such as HaCaT, COS7, Ramos, SW480-data not shown). Costaining with the NPC marker mAb414 revealed a pool of Sun1 that concentrated in the vicinity or overlapped with NPCs (Fig. 6A″, B and B′ notched arrows in the insets). This result is in agreement with Liu et al. [26] , who demonstrated that NPCs colocalize with ectopically expressed GFP-tagged Sun1. Interestingly, a second pool of endogenous Sun1 structures also became evident, which did not colocalize with NPCs (Fig.  6A″ , B and B′ arrows in the insets). Similar results were observed in other cell lines, although the percentage of Sun1-NPC overlapping entities varied, most likely due to the metabolic status or the cell cycle status of the cells (data not shown). Moreover, ectopic expression of Sun1 full-length constructs indicated also the presence of two distinct NE Sun1 topologies (data not shown). One fraction of Sun1 foci colocalizes with NPCs, whereas the second appears distinct from NPCs. A newly developed antibody recognizing mammalian Sun2 (characterized in Fig. S2 ) was then used to investigate the association of Sun2 with NPCs. Endogenous Sun2, like observed for Sun1, also displayed a clustered appearance at the NE surface. As already suggested by Liu et al. [26] endogenous Sun2 antigenic clusters were almost absent at sites of nuclear pores (Fig. 6B″) . These results and already presented data on a possible Sun1/2 interaction [27] prompted us to investigate the possibility that Sun2 assemblies at the NE could be identical with Sun1 antigenic assemblies, which did not overlap with the NPC.
Unfortunately no monoclonal antibodies to any of Sun1 or Sun2, respectively, are available and we had to analyze local interactions by examination of endogenous Sun1 in Sun2-V5 transfected HaCaT cells. As shown in Fig. 7A-A″ , a large Sun1 proportion colocalizes with Sun2 (notched arrows in the inset), whereas in some areas within the same nucleus the Sun1 and Sun2 patterns appear distinct (arrows in the insets). Similar observations were obtained in the vice-versa setup, when we examined endogenous Sun2 in Sun1-V5 expressing cells using Sun2 specific antibodies (also in HeLa cells, data not shown). The colocalization of the Sun1/Sun2 structures is in agreement with current literature indicating that Sun2 proteins form heterodimers with Sun1 molecules [27] . Inspired by these facts, we went ahead to address in more detail the ability of Sun2 to heterodimerize with Sun1. For this, GFP-tagged human Sun1 full-length and V5-His-tagged human Sun2 full-length were transiently cotransfected in COS7 cells. The cell lysates were incubated with Ni-NTA agarose beads to pulldown exogenous Sun2. Bound proteins were then analyzed by SDS-PAGE and subjected to western blotting using GFP antibodies. As a negative control we used GFP, which was cotransfected with Sun2-V5-His into COS7 cells. As shown in Fig. 7B , ectopically expressed GFPSun1 and Sun2-V5-His were successfully expressed in cotransfected cell lysates (Input). In contrast to GFP, however, only GFP-Sun1 was specifically pulled down with the Sun2-V5-His protein (Pellet). In order to identify the respective domains involved in the Sun1/Sun2 association in vivo, we performed yeast two-hybrid analysis. The coiled-coil domain of human Sun1 (hSun1-SD1, residues 404-493) was cloned into pGBKT7 vector and the coiled-coil domain of human Sun2 (hSun2-CC, residues 400-505) was cloned into pGADT7 vector. When pGBKT7-hSun1-SD1 and pGADT7-hSun2-CC plasmids were cotransformed in the Y190 yeast strain, an interaction between these two proteins was observed in both growth and β-galactosidase activity assays (Fig. 7C) . Neither growth, nor β-galactosidase activity was detected in negative controls using pGBKT7-hSun1-SD1 with pGADT7 or pGADT7-hSun2-CC with pGBKT7.
These data together assert that a subset of Sun1 and Sun2 molecules interact directly with each other at the INM through their respective coiled-coil segments. Moreover, they also imply the existence of distinct SUN-protein complexes. Our data would clearly point to a model, where highly immobile Sun1 complexes form a stable platform for associations with more dynamic molecules, probably also based on a functional necessity. Therefore, it would be interesting to investigate in the near future whether distinct cellular functions can be assigned to specific SUN-domain protein assemblies at the NE.
Discussion
In the current study we characterized in more detail the murine Sun1 dynamics and expanded current data regarding its NE-localization properties. The implemented iFRAP experiments indicate that full-length Sun1 is among the most immobile INM proteins described to date. A low lateral mobility has also been reported in human Sun1 (UNC84A) FRAP experiments [26, 28] monitored, however, for a limited time period (up to 800 s). In our iFRAP experiments we were able to follow the photobleached GFP-Sun1 expressing cells up to 10 h and still no complete equilibration was reached within the bleached area. The dynamics of many NE proteins has been characterized by fluorescence recovery after photobleaching (FRAP) assays. Lamin A was shown to move back into the bleach area very slowly, similar to that reported for lamin B1 (N180 min) [40] . GFPtagged lamin C expressed in CHO cells has also been reported to show very little recovery after 1 h [41] . Most INM proteins such as emerin, LAP2β, and MAN1 are dynamic, having recovery halftimes of about 1 min [42] . LBR is more immobile at the NE. More than 60% LBR-GFP fractions reside within the NE membranes 10 min after photobleaching [43] . The extensive immobilization of GFP-Sun1 suggests a tight binding to fixed structural components of the nucleus or/and retention by assembly into multimeric complexes, which would be expected to result in low diffusion rates. GFP labeled nuclear pore complex components for example, which are known to form oligomeric complexes have been shown to diffuse slowly within the NE [31, 44] .
Our data do not assign a major role for the SUN-domain itself in the Sun1 dynamics. They rather suggest important roles for the Sun1 coiled-coil domain, through which Sun1 forms dimers. Genetic evidence indicates that C. elegans UNC-84 exists as dimers at the NE [45] similar to matefin, another SUN-domain protein in C. elegans reported to homodimerize [21] . Sun-1 in D. discoideum also forms oligomers via the C-terminal coiled-coil domains [19] . Sun2 forms also homodimers through the N-terminal region and the coiled-coil domains [27] . These data together suggest that oligomerization at the NE is a common feature for SUN-family members.
The lumenal domain of Sun1 has been suggested to permit homooligomerization [26, 27] . We were able to narrow down the oligomerization domain to the coiled-coil region (SD1-domain). Furthermore, this Sun1 C-terminal region resides in the PNS, which is a part of the ER lumen. Unlike the cytoplasm, the ER provides an oxidizing environment favoring disulfide bond formation [46, 47] . Indeed, V5-tagged full-length Sun1 has the ability to form SDS-resistant dimers and tetramers under non-reduced conditions. Mutagenesis assays demonstrated that the cysteine residue (Cys 526 ) in the Sun1 SD2
domain, adjacent to the C-terminal border of the coiled-coil region, is responsible for the formation of the disulfide bond. Thus, Sun1 homooligomers form through coiled-coil interactions and interchain disulfide bonds (Fig. 8) . We also tested the dynamics of GFP-tagged TM-C and TMC C/A by iFRAP analysis. However, no significant differences were observed between these two constructs, suggesting that the disulfide bond between the Sun1 lumenal segments does not contribute to the Sun1 immobility in the PNS. Nonetheless, we cannot exclude that such associations may exhibit important stabilizing functions in the full-length Sun1 protein. It is also interesting to note that the cysteine residue forming the disulfide bond resides within the major Nesprin binding site of Sun1 [11] . Therefore, the interchain disulfide bonds formed among Sun1 molecules may affect the structural conformation of Sun1 complexes and consequently influence interactions to its binding partners. Clearly, additional studies are required to reveal potential roles for the disulfide bonds in the Sun1 biology. We also demonstrated that Sun1 interacts with Sun2 through their respective coiled-coil domains. This finding is further underlined by our data indicating that a substantial fraction of Sun1 molecules colocalize with the Sun2 structures. The dynamic rigidity of Sun1 containing complexes urged us to investigate a potential association to NPCs. Colocalization studies revealed that a significant portion of Sun1 molecules colocalized to NPCs in HeLa cells. In contrast, Sun2 localization was clearly distinct from NPC sites. Similar data have recently been shown by Liu et al., which suggest a close association of GFP-tagged Sun1 with nuclear pore complexes [26] . Our data, however, suggest in addition the existence of a second Sun1 pool that is clearly distinct from NPCs. Based on our immunofluorescence stainings our assumption is that a large fraction of these particular complexes may constitute Sun1 and Sun2 oligomers (Fig. 8) . However, we cannot exclude the presence of Sun1 homophilic complexes within this second Sun1 fraction. In summary, our data suggest that SUNproteins can form higher ordered complexes at the NE, constituting multiple docking sites for other proteins.
The oligomerization of Sun1 may be important for its function at the NE. Notwithstanding that finding, the existence of a variety of several independent, individual SUN-protein containing complexes can be assumed. It can further be envisaged that members of the SUNprotein superfamily are functionally redundant, exemplified by the finding that Sun1 knockout mice only show defects in gametogenesis, most likely as a result from failures in telomere attachment during meiosis [24] . Particularly interesting is the fact, that testis-specific isoforms exist for mammalian Sun1, which cannot be replaced functionally by other Sun1 isoforms [26] or even members of the SUN-superfamily (Gotzmann et al., unpublished data). Each SUNcomplex could directly anchor two or more binding partners and thereby significantly enhance or modulate the mechanical stability of the protein complexes that bridge the NE. Strikingly, the immobile Sun1 features are only realized when both Sun1 nucleoplasmic and perinuclear segments were present. Fig. 8 . Model illustrating that SUN-and KASH-domain proteins form higher ordered NE complexes. Sun1 (green) and Sun2 (pink) can form dimers via the coiled-coil domains at their C-termini. Sun1 and Sun2 also can form tetramers or higher oligomers through their coiled-coil domains, which may be further linked by Sun1 interchain disulfide bridges formed in the PNS. Nesprin-1/-2/-3 isoform homotypic self-interactions may further contribute to Sun1/2 oligomer expansion. Thus, SUN-KASH complexes may form higher ordered ONM tethering platforms, allowing the uniform integration of the nuclear surface to the cytoskeleton. ONM: outer nuclear membrane; PNS: perinuclear space; INM: inner nuclear membrane; NPCs: nuclear pore complexes; IFs: intermediate filaments.
Several possibilities may account for this result. First, Sun1 N-and C-termini could bind to distinct NE-associated proteins that contribute collectively to its NE retention. This scenario is plausible, considering that Sun1 domains are clearly distinct in their primary structure and more importantly in their topology. In line with the above is that the Sun1 N-terminus interacts with lamin A, although its NE localization seems to be largely independent from the presence of A-type lamins [10, 11] . The Sun1 N-terminus is also capable of self-association, a feature potentially required for association with DNA [27, 29] . Most recent data also point to an involvement of N-terminal domains of Sun1 in the degree of chromosome compaction after mitosis [25] . The presence of a variety of N-terminal splicing isoforms may account for differences in the binding spectrum for lamins and/or chromatin [26] . Moreover, the mouse Sun1 nucleoplasmic segment contains a Zinc-finger motif, which associates with DNA, whereas the C-terminus associates with the Nesprin-1/-2/-3 KASH-domains.
The second possibility is that Sun1 N-terminal association to its binding partners has immediate structural effects on the C-terminus. Binding for example to the nuclear lamina or/and chromatin may unfold the C-terminus in such a way, so that inter-or intra-molecular interactions are modulated. If this holds true, signals from the nucleus may be efficiently transmitted to the cytoplasm and vice-versa. Support for this attractive model comes from the fact that while GFP-TM-C interacts with the endogenous Sun1 in vitro, its NE lateral mobility is clearly reduced when compared to the Sun1 full-length protein. Additional experiments are needed to validate all those thoughts. Thus, the combined oligomerization capacity of the Sun1 Nand C-termini may account for the dramatic immobility of the fulllength Sun1 protein.
Current data also suggest that the biochemical properties of SUN and KASH-domain proteins may jointly organize these molecules into complexes. In fact Nesprin molecules themselves may contribute to an expansion and the formation of larger macromolecular complexes (Fig. 8 ). Nesprin-1 was shown to oligomerize with itself through its Cterminal spectrin repeats [48] . Nesprin-2 giant isoforms function as NE guardian molecules that tether smaller Nesprin-2 C-terminal isoforms at the ONM [49, 50] . Also, Nesprin-3 oligomerizes with itself through its N-terminal spectrin repeats [51] . Hetero-oligomerization aspects among Nesprins-1/-2/-3 have not been examined so far; we cannot exclude, however, the possibility that Nesprins may form a filament network by their own at the ONM and contribute also to the immobility of Sun1 at the NE. The fact that Sun1/2 oligomerize suggests that such an assembly may structurally and functionally integrate various KASH-domain containing proteins within these complexes. This view is further supported by a recent report demonstrating that mammalian KASH-proteins interact promiscuously with Sun1/2 proteins [52] .
Collectively these thoughts indicate that more research is needed to shed light in a new cell biological area governing the structural and functional integration of cytoplasmic and nuclear compartments.
